Zhu: The effect of dry-wet cycle on crack propagation and shear strength index of Yunnan laterite in China -7881 -APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4): 7881-7889.
Introduction
Yunnan is one of the most developed areas of laterite in China. Laterite is a red color-based soil formed by weathering, micro-agglomeration and soil-forming processes of iron-rich mother rocks in hot and humid climates (Huang et al., 1998) . Yunnan laterite is a special kind of clay, showing the characteristics of high clay content, high liquid limit, large natural porosity ratio, low permeability coefficient, high dispersivity, weak expansibility and strong shrinkage (Liu et al., 2005) . Due to the little knowledge of the basic properties of Yunnan laterite, quite a few engineering disasters related to laterite have occurred in Yunnan Province. For example, the development of shrinkage cracks in lateritic foundation led to the settlement of buildings caused by strength reduction, and mining groundwater resulted in the shrinkage and cracking of red soil slope, strength reduction, and landslides after rainfall.
Yunnan, a region with slow economic development in China, is faced with quite a lot of laterite problems with the commencement of a large number of railway and highway projects. At present, the study on Yunnan laterite is mainly focused on the basic physical and mechanical properties index (Huang et al., 1998; Liu et al., 2005; Yuan, 2002; He et al., 2008) , chemical composition (Huang, 2002) , and the effect of rainfall scouring laterite slope on its physical and chemical properties (Zhang et al., 2016) . The study on the cracking mechanism of soils under dry-wet cycles is mainly concentrated in common clay (Sun et al., 2015; He et al., 2012; Rayhani et al., 2007 Rayhani et al., , 2008 and expansive soils (Tang et al., 2011 (Tang et al., , 2012 (Tang et al., , 2013 , and the engineering properties of Yunnan laterite are different from those of the two types of soil. The objective of this study is to understand the changing pattern of crack propagation and shear strength index of Yunnan laterite. The present study directly reflected the occurrence and expansion of cracks in Yunnan laterite during the dry-wet cycle by indoor simulating the reciprocating process of natural rainfall and evaporation and revealed that the decrease of laterite strength was caused by the occurrence and expansion of cracks. In this paper, an empirical formula reflecting the decrease in the shear strength index of Yunnan laterite with the increase in the number of dry-wet cycles, and the mechanism of the occurrence and propagation of cracks in Yunnan laterite after dry-wet cycles was also discussed.
Experiment schemes
The soil material was excavated from Luoyang Section of East Ring Expressway in Kunming on September 2. The excavation amount was about 80 kg. Yunnan laterite soil with the certain moisture content was prepared and compacted according to the heavyduty II-1 standard (Ministry of Communications of the People's Republic of China, 2007) , which was used to make soil cake samples. To stimulate the state of laterite after experiencing rainfall and evaporation cycles in nature, multiple dry-wet cycles were performed indoors to create cracks and expansion. The change pattern of cracks during dry-wet cycles was observed morphologically, and the maximum crack width and saturated shear strength index were determined after experiencing various numbers of dry-wet cycles. Shear strength index was measured by direct fast shear test.
The selected laterite was brown in dry and red brown after immersion with the clay particles of 41.25%, the granule particles of 47.93% and the sand particles of 10.82%, whose basic physical and mechanical properties were shown in Table 1 . Using standard compaction test, the maximum dry density (ρdmax) and the optimal water content (ωop) were determined as 1.62 g/cm 3 and 17.8%, respectively. In this experiment, the soil was prepared according to moisture content ω = 21%, and the prepared soil was sealed in plastic bags for 24 hours to ensure the uniform moisture content. The samples were then placed in the compaction cylinders (inner diameter of 100 mm and height of 127 mm) to compact, and the soil moisture content ω, dry density ρd and the compaction coefficient were 20.8%, 1.53 g/cm 3 and 94.4%, respectively. The soil in the compaction cylinder was slowly lifted by a jack, and the soil cake with the thickness of 20 mm was obtained by carefully cutting with a wire saw, using which a total of 72 samples were prepared. The 72 samples were divided into 9 groups with 8 in each group, and the dry-wet cycles of 0, 1, 2, 3, 4, 5, 6, 7 and 8 were carried out. A small portion of the soil cake was collected via using small ring knife (inner diameter of 61.8 cm and height of 20 mm) to determine the shear strength index.
The dry and wet in the cycles of the present study were not absolute dry and wet, but the stimulation of the humidification and dehumidification process of Yunnan laterite in nature. The control standard of "dry" was air dry of the soil cake in the lab for 48 h. The standard of "wet" was: (1) spraying the surface of samples by using a syringe with needle (with the distance from needle tip to sample surface of 1 cm and the spraying http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_78817889  2019, ALÖKI Kft., Budapest, Hungary rate of 0.5 ml/s) until the surface was covered in water. Spray was continued after water was absorbed by samples until the water stayed at the same level after 5 min; or (2) spray was conducted until free water seeped from the bottom of the sample if the water sprayed to the sample surface was always absorbed completely within 5 min.
The experiment was performed in October in Kunming in which the minimum night temperature, the maximum day temperature and relative humidity were 12 °C, 26 °C and 43-58%, respectively.
Results and analysis
The surface cracks of Yunnan laterite samples were clearly visible after various cycles of dry-wet cycles. The expansion status of the cracks after 1, 2, 3, 4, 5 and 6 drywet cycles were as shown in Figure 1 . Almost all the samples showed the development of annular microfracture after the first dry-wet cycle, and some samples showed a relatively wide crack during the first air dry process, which might be due to the weak structural plane resulted from the unequal stress during the sample preparation, so the cracks were formed during the first air dry process because of the uneven contraction distortion after dehydration. After multiple dry-wet cycles, the crack width was gradually increased and secondary cracks were formed. The initial annular crack gradually radiated to the periphery, and the maximum crack width reached the scale of millimeter after the fourth dry-wet cycle. The cracks expansion tended to be stable and the width was no longer increased after the sixth cycle. With the 100x visualizer of crack width (1 DIV/0.02 mm, Shangyu Jingnuo Instrument Factory, Zhejiang Province, China; Fig. 2 ), the maximum crack width after various numbers was determined which was shown in Figure 3 . Although the propagation of cracks is one of the contents of this study, for road engineering, more attention is paid to the shear strength attenuation of soil caused by cracks. The variation of soil moisture content during rainfall or evaporation in nature is not as dramatic as that of water saturation or oven drying. Therefore, the shear test was performed after each dry-wet cycle, and such shear strength index could reflect the effect of the crack development process on the strength of Yunnan laterite after the expansion-contraction cycle due to the dry-wet cycles caused by the external climate. The relationship of cohesive strength (c) and internal friction angle (φ) to the numbers of dry-wet cycles was as shown in The results indicated that as the cycle increased, the cracks were formed from scratch and became larger, leading to the damage in the integrity of the soil and the gradual strength reduction of Yunnan laterite, which is consistent with the general knowledge of the variation pattern of shear strength in clay soil. Among these, the change in cohesive strength was most significant, which only retained 40% of its initial value after 5 cycles. Cohesion took on the trend of constant reduction due to successive crack development. Although some small cracks might close or partially close during humidification, the scars still existed, and the gradual increase in such damage of soil integrity resulted in looser soil and lowered strength. However, crack propagation followed the basic rule of being fast then slow, thus, the change to the number of dry-wet cycles of cohesion showed a form of being steep and then gentle as a whole. The internal friction angle of Yunnan laterite also decreased, but the altitude was much smaller than that of cohesive strength, showing 77% of the initial value after five dry-wet cycles. On one hand, the existence of cracks in the soil allowed Yunnan laterite to become fragmented. Furthermore, the expansion and shrinkage deformation led to loosen soil and reduced compactness, which tended to be stable after five cycles. Therefore, the decrease of internal friction angle at the beginning of dry-wet cycles might be related to the decrease of soil density caused by expansion and contraction.
Cracks lead to the decrease or lose of the cementation force between soil particles. Therefore, cohesion is significantly reduced, the further impact of crack propagation on it is not significant, and the main factor affecting the internal friction angle is the property of soil particles. Compared with cohesive strength, the reduction of internal friction angle entered stable stage with minimal variation.
Experiments revealed the expansion of cracks with increasing the numbers of drywet cycles, and the process of crack expansion was generally consistent with the http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_78817889  2019, ALÖKI Kft., Budapest, Hungary reduction in the strength of Yunnan laterite, and it was shown that the strength reduction was resulted from the crack propagation. The relationship of cohesive strength c and internal friction angle φ to dry-wet cycle number exhibited inversed S-shape curve (Fig. 4) , and it could be fitted via using the mathematical expression of logistic curve, which were:
In Equations 1 and 2, n is the number of dry-wet cycles; , , , , and indicate the fitting parameters.
The above formula, as an empirical formula reflecting the rule that the shear strength index of Yunnan laterite is reduced with the increase in the number of dry-wet cycles, can be used to estimate the final value of shear strength index of laterite under the longterm action of sunshine and rain. The fitting results of the present study were as follows:
Calculated by Equations 3 and 4, the ultimate reduction value of the shear strength of the laterite as the cycle numbers increased were c = 13.635 kPa and  = 12.745°. The cohesive strength and internal friction angle were reduced to 37% and 76% of the initial value, respectively.
The simplified Bishop method is a quantitative analysis method for the stability of subgrade slope. The basic principle is: assuming that the slope has an arc sliding surface, the slope stability factor can be calculated by comparing the sliding moment produced by the sliding surface with the sliding moment produced by the sliding body. When calculating, the stability coefficient K is assumed first, and then the calculated value FS of the stability coefficient is inversely calculated. Then the assumed value K is adjusted according to the calculated value FS of the stability coefficient, and the relative error between K and FS is repeated until the relative error between K and FS is within the prescribed range. To intuitively demonstrate the effect of the decrease in the shear strength of Yunnan laterite caused by dry and wet cycles on the slope stability, the stability coefficient FS was calculated (simplified Bishop method) for the homogeneous embankment (soil bulk density of 18.5 kN/m 3 ) with the height of 10 m, the width of 20 m and the slope ratio of 1:1 using the strength index obtained in the test, which was shown in Figure 5 .
Discussion
According to the data, the developmental process of cracks in the Yunnan laterite samples upon dry-wet cycles can be classified into 3 stages: crack developmental stage, crack progression stage and crack stable stage. http (1) Crack developmental stage. The first dry-wet cycle is the crack developmental stage. During this process, humidification of laterite samples occurs only in the original pores, the effect of humidification only lies in enabling the laterite to absorb water, and the effect of dehumidification only lies in emigration of partial moisture in the pores. However, such dry-wet cycle results in moisture gradient in laterite samples, and a large amount of moisture in the samples softens the connection between laterite particles, leading to the formation of micro-cracks in the samples, which creates favorable conditions for further expansion cracking and shrinkage cracking during later dehumidification. In the present study, the dry density of laterite sample was relatively high, so the swelling force caused in the process of humidification was also large, and the micro-cracks were produced after the first dry-wet cycle. It has been demonstrated that cracks were hard to form in the samples with relatively low dry density (Zhao et al., 2017) .
(2) Crack progression stage. The 2 nd -5 th cycle is the crack progression stage. After the 1 st dry-wet cycle, the main effect of water absorption and humidification of laterite sample is to increase the thickness of water film between laterite particles, resulting in the swelling and cracking of laterite sample. The main effect of dehumidification is to reduce the thickness of water film between laterite particles, resulting in shrinkage and cracking of laterite samples, so the micro-cracks gradually develop into macro-cracks. With increasing the cycles, the thickness of water film among soil particles further increases, and the swelling and cracking laterite become more significant. During this development stage, the originally formed cracks have been further deepened and widened, and crack propagation has been achieved. In this process, crack propagation comes with the decrease in the shear strength index.
(3) Crack stable stage. Cycle beyond the 6 th is crack stable stage. During such a process, the main effect of water absorption and humidification of laterite sample is not to increase the thickness of water film between laterite particles and cause expansion cracking, but to fill the existing cracks, and the main function of dehumidification is to reduce moisture between laterite particles in existing fractures. Due to the large crack width and high moisture content, there is no water loss, shrinkage and crack deepening in a short time, which is not enough to form new cracks, so the expansion of cracks http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_78817889  2019, ALÖKI Kft., Budapest, Hungary enters into a stable stage. In the repeated dry-wet cycles, the cracks are opened, closed and propagated under the combined effect of expansion and shrinkage, and they gradually reach a stable state after certain cycles. During this process, the attenuation of shear strength index in the soil samples also entered a stable period. Although there are still some unreasonable factors in the method employed here, such as the artificial disturbance in sample preparation, the small size of sample, and the discrepancy between the simulated humidification and dehumidification and natural process, such a method is still preferable considering the difficulties in the present study on the cracking and strength of Yunnan laterite. Such a method makes it possible to study the crack initiation and propagation in Yunnan laterite caused by dry-wet cycles and the effect pattern of crack propagation on its strength by conventional geotechnical instruments, which provides a reasonable and effective basis for the analysis of laterite engineering problems in Yunnan. In the present study, the dry density of laterite sample was relatively high, and its compaction coefficient was similar to that of embankment. Therefore, the process of cracking during dry-wet cycles and the attenuation process of shear strength index are representative.
Conclusion and suggestion
(1) With a reasonable and simple experimental procedure, determined the crack width of Yunnan laterite and the variation pattern of shear strength index as the cracks expanded during dry-wet cycles. The data showed the phenomenon of the occurrence and expansion of cracks in Yunnan laterite upon dry-wet cycles, and revealed that the reduction in the strength of laterite was resulted from the occurrence and expansion of such cracks.
(2) The results indicated that either cohesive strength or internal friction angle exhibited certain decrease with the propagation of cracks which had a stronger effect on cohesive strength. An empirical formula was also presented showing the decrease of shear strength index of Yunnan laterite with the increase of dry-wet cycles as well as the development of cracks. Such a formula can be used to estimate the ultimate strength index of dense Yunnan laterite under long-term sunshine and rain.
(3) The mechanism of occurrence and expansion of Yunnan laterite after dry-wet cycles was discussed. During the crack developmental stage, the wetting process softens the connection between laterite particles, leading to the formation of microfractures after drying. During the crack expansion stage, the wetting process increases the thickness of water film between laterite particles to cause crack expansion of samples, whereas the drying process reduces the water film thickness between particles resulting in the shrinkage and cracking, and the micro-cracks gradually develop into macrocracks. During the crack stable stage, because of the large width of cracks, the wetting process is to fill the cracks. The moisture content is relatively high during this stage, shrinkage and deepened cracks due to dehydration will not occur in a short time, and water loss is not enough to rip soil and form new cracks.
(4) In the future, investigations are needed to understand the pattern of crack propagation and strength attenuation of Yunnan laterite under various regulated conditions of dry-wet cycle and large-sized samples. For the foundation, embankment or slope of Yunnan laterite, more attention should be paid to the crack formation and strength degradation caused by rainfall and drought, especially with the large gradient of moisture content and uneven expansion. Because the effect of crack on the cohesive
